Epitaxial La 0.7 Sr 0.3 MnO 3 (LSMO)/La 0.7 Sr 0.3 FeO 3 (LSFO) superlattices on (111)-oriented SrTiO 3 substrates with sublayer thicknesses ranging from 3 to 60 unit cells (u.c.) were synthesized and characterized. Detailed analysis of their structural, electronic, and magnetic properties were performed to explore the effect of sublayer thickness on the magnetic structure and exchange coupling at (111)-oriented perovskite oxide interfaces. In the ultrathin limit (3 to 6 u.c.), we find that the antiferromagnetic (AF) properties of the LSFO sublayers are preserved with an out-of-plane canting of the AF spin axis, while the ferromagnetic (FM) properties of the LSMO sublayers are significantly depressed. For thicker LSFO layers (> 9 u.c.), the out-of-plane canting of the AF spin axis is only present in superlattices with thick LSMO sublayers. As a result, exchange coupling in the form of spin-flop coupling exists only in superlattices which display both robust ferromagnetism and out-of-plane canting of the AF spin axis.
I. Introduction
Exchange coupling between ferromagnetic (FM) and antiferromagnetic (AF) materials has been the focus of experimental and theoretical work since the discovery of exchange bias at Co/CoO interfaces. This form of exchange coupling is characterized by the horizontal shift of the hysteresis loop by the exchange bias field 1, 2 . Despite extensive research and incorporation into a wide range of devices, a fundamental understanding of the exchange interactions at FM/AF interfaces is still incomplete. Efforts to develop a comprehensive model to predict the magnitude of the exchange bias field have failed due to the complicated interfacial phenomena 3 involving factors such as surface spins 4 , interface roughness 5, 6 , and the structural and magnetic properties of the FM and AF layers 7, 8 . A key aspect of a systematic study investigating exchange coupling is the precise control of the thickness and roughness of the constituent layers of the FM/AF heterostructures, as well as the ability to choose AF layers with different 3D spin arrangements grown in different crystallographic orientations. In particular, the AF thickness has been shown to be a key parameter impacting the coercivity, exchange bias field, and the blocking temperature 7, 9, 10 . A critical AF thickness exists below which exchange bias vanishes, and this thickness is closely related to factors such as the AF anisotropy 7 , the nature of the exchange interactions across the FM/AF interface, and the spins of the AF and FM interfacial atoms 11 .
Unlike metallic FM/AF systems, research on exchange coupling in complex oxide systems is comparatively limited. However, the coupling between the charge, spin, orbital, and lattice degrees of freedom in perovskite oxide heterostructures can offer additional parameters to tune the magnetic properties. With its rich magnetic phase diagram displaying paramagnetic (PM), FM, AF, and spin-canted states 12 , the La 1-x Sr x MnO 3 system is a prime example to illustrate the complex interactions that can be tailored through the parameters such as the doping level (x), epitaxial strain, layer thickness, and crystallographic orientation. For example, LaMnO 3 /SrMnO 3 superlattices consisting of single-unit-cell layers of A-type AF LaMnO 3 and G-type AF SrMnO 3 were grown to span the FM to AF phases around the La 0.5 Sr 0.5 MnO 3 composition by careful control of the placement of the A-site cations 13 . In addition, epitaxial strain engineering through the choice of the substrate can tune the orbital polarization of the e g orbitals of La 0.5 Sr 0.5 MnO 3 resulting in different AF structures 14 . Finally, the orientation of the films also plays an important role. (001)-oriented LSMO films under tensile strain have biaxial anisotropy along the in-plane ⟨110⟩ axes 15 , while (111)-oriented LSMO films have low magnetocrystalline anisotropy in the (111)-plane with a 6-fold symmetry along the 11 0 and 1 1 2 directions (i.e. two low-index families of directions lying within the (111)-plane) 16 . Among these tuning parameters, the study on the role of orientation on the behavior of perovskite oxide thin films has been comparatively limited with most research being focused on (001)-oriented perovskite heterostructures. This fact is partly due to the difficulty to get smooth interfaces on other orientations with different dominant growth mechanisms 17 . However, intriguing properties possessed by (111)-oriented perovskite thin films absent in (001)-oriented counterparts have recently been reported in theoretical and experimental work [18] [19] [20] [21] [22] . A buckled honeycomb lattice resembling graphene is formed in the (111)-orientation with highly polar stackings, which can yield novel electronic and magnetic behaviors.
In this work, we choose superlattices consisting of alternating layers of FM LSMO and AF La 0.7 Sr 0.3 FeO 3 (LSFO) as a model system to study the exchange coupling and competing interfacial effects between FM and AF perovskite oxides layers. LSMO is a FM metal with Curie temperature, ~360 K
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. LSFO is a G-type AF insulator with Néel temperature, ~360 K, with the AF spin axis along the crystallographic a axis 24, 25 . According to an simple model, an ideal (001)-oriented LSMO/LSFO interface is characterized by compensated AF spins such that it experiences spin frustration and minimizes its energy by maintaining a perpendicular orientation between the moments of the FM layer and the AF spin axis 26 . This type of exchange coupling is referred to as spin-flop coupling and is characterized by enhanced coercivity and a lack of horizontal shift of the hysteresis loops 2, 27, 28 . In contrast, for an ideal (111)-oriented LSMO/LSFO interface, the AF spins are fully uncompensated and exchange bias is expected. In our previous study, comparing (001)-and (111)-oriented LSMO/LSFO superlattices with sublayer thickness of approximately 2 nm, we found that the magnetic structure was sensitive to the crystallographic orientation and that exchange interactions in the form of spin-flop coupling was present in both orientations 29 . In the (001)-oriented LSMO/LSFO superlattices, the ferromagnetism of the LSMO sublayers was suppressed due to charge transfer from Mn 3+ to Fe 4+ ions across the interfaces 26 , while more robust ferromagnetism and transport behavior were maintained in the (111)-orientation. The spin axis of the LSFO layers in the superlattices also changed with the crystal orientation, which lies in the (001) plane in (001)-oriented superlattices and cants out of the (111) plane in (111)-oriented superlattices. In this work we explore the thickness dependence of the magnetic properties and exchange coupling in (111)-oriented LSMO/LSFO superlattices by studying samples with sublayer thicknesses ranging from 0.6 to 13.5 nm. Element specific soft x-ray magnetic spectroscopy was used to reveal the individual magnetic behaviors of the FM and AF layers as a function of temperature and magnetic field.
II. Experimental Procedure
Epitaxial LSMO and LSFO films and LSMO/LSFO superlattices with sublayer thicknesses ranging from 3 to 60 u.c. (0.6 to 13.5 nm) were grown on (111)-oriented SrTiO 3 (STO) substrates by pulsed laser deposition using a KrF laser (248 nm). A solvent clean was used to pre-treat the substrates to remove organic residue from the surface. The notation for the superlattice film stacking is as follows: . . . . , with the LSMO layer grown first on the STO substrate. The 3 3 20, 6 6 10, 9 9 10, and 60 60 1 superlattices, as well as LSMO and LSFO films were grown with a frequency of 5 Hz (1 Hz) and fluence of ~0.5 J cm -2 (~0.9 J cm -2 ) for the growth of the LSMO (LSFO) layers. A lower fluence helps to obtain smooth LSMO sublayers in the (111)-orientation. During the growth, the substrate temperature was held at 700 and the oxygen background pressure was 300 mTorr. The 9 18 5 and 18 18 5 superlattices were grown with a frequency of 10 Hz and fluence of ~1.5 J cm -2 for both LSMO and LSFO layers with the substrate temperature held at 700 and the oxygen background pressure was 200 mTorr. Redundant samples grown with both sets of conditions exhibit the same structural and magnetic properties. The samples were cooled slowly to room temperature after the deposition with an oxygen pressure of 300 Torr to ensure the proper oxygen stoichiometry. The total thickness of the superlattices ranged from 27 to 41 nm.
High resolution x-ray diffraction (HRXRD) and resonant x-ray reflectivity (XRR) were carried out to characterize the structural properties using a Bruker D8 Discover four-circle diffraction system and Beamline 2-1 at the Stanford Synchrotron Radiation Lightsource (SSRL). When using a conventional lab x-ray source with Cu K α radiation, the structural analysis is limited by the small density contrast between the LSMO and LSFO layers. To determine the chemical profiles of the superlattices, resonant XRR was performed at energies near the Mn and Fe K edges (6553 to 6556 eV and 7127 eV, respectively), and away from both of the Mn and Fe absorption edges (8000 eV and 10000 eV) as a reference. The sublayer thickness, roughness, and density were obtained by simulating the resonant XRR spectra using GenX 30 assuming constant sublayers thickness and interfacial roughness throughout the entire superlattice. A Quantum Design superconducting quantum interface device (SQUID) was used to measure the bulk magnetic properties with the magnetic field applied along the in-plane 11 0 and 1 1 2 directions. The resistivity was measured using the van der Pauw geometry while warming from 80 K. Soft x-ray magnetic spectroscopy was performed at 80 K at Beamline 4.0.2 of the Advanced Light Source (ALS) using total electron yield mode. The detailed measurement geometries will be discussed below.
III. Results and Discussion A. Structural characterization
Clear thickness fringes and superlattice peaks are present in the resonant XRR spectra and the symmetric ω-2θ scans measured near the (111) and (222) peaks for the LSMO/LSFO superlattices indicating their high crystalline quality and low interfacial roughness (see supplemental material). The fitting of the resonant XRR spectra for the LSMO/LSFO superlattices indicates that all the superlattices have the as-designed sublayer thickness and smooth interfaces with limited chemical intermixing and diffusion between sublayers. The experimental and simulated spectra as a function of scattering vector for the superlattices are shown in Fig. S1 -S6 of the supplemental materials with the optimized fit parameters listed in Table. S1-S6. Two individual peaks for LSMO and LSFO respectively are present in the ω 2θ scans of the bilayer, while the scans of the 3 3 20, 6 6 10, 9 9 10, 18 18 5, and 9 18 5 superlattices show a single 0 th order superlattice peak. Reciprocal space maps around the (042) and (330) peaks show all the films and superlattices are fully strained and coherent to the STO substrate (see supplemental material). 
B. Bulk magnetic and electrical properties
The temperature dependence of the magnetization and resistivity of the LSMO film as well as the 9 9 10, 18 18 5, 9 18 5 and 60 60 1 superlattices are plotted in Fig. 2 (a) and (b).
The magnetization curves were measured during warming with a field of 0.01 T applied along the in-plane 11 0 direction after zero-field cooling from room temperature to 10 K. Since the top layer of the bilayer is 60 u.c. of LSFO, the resistivity is too high to measure; therefore it is not included. Both the magnetization and the resistivity are normalized to the thickness of the LSMO layers only rather than the entire thickness of the superlattice under the assumption that the insulating AF LSFO sublayers have little contribution to the overall magnetization and conductivity.
The 3 3 20 and 6 6 10 superlattices show insulating and paramagnetic behavior over the entire temperature range of the measurements. In contrast, the magnetization and resistivity curves of the 9 9 10 , 9 18 5 , 18 18 5 , and 60 60 1 superlattices show coincident FM-to-PM and metal-to-insulator transitions as expected for LSMO where the magnetic and electrical properties are dictated by the double exchange mechanism [33] [34] [35] . The metal-to-insulator transition temperature, is defined as the maximum in . The decrease of the magnetization of the LSMO film at ~105 K is coincident with the antiferrodistortive transition of the STO substrate from cubic to tetragonal phase 36 which can change the anisotropy of the LSMO film 37 . The magnetization drop is absent in the superlattices, indicating that the interfacial effects make the superlattices less sensitive to the structural change in the STO substrate. In the limit of thick FM sublayers, the 60 60 1 bilayer and the 18 18 5 superlattice have similar values of ~ ~320 K to that of the LSMO film, though the is slightly suppressed to 3.2 /Mn and 2.9 /Mn, respectively, compared to 3.4 /Mn for the LSMO film. For thinner FM sublayers in the 9 9 10 and 9 18 5 superlattices, and are suppressed to ~230 K while the values are suppressed to 2.9 /Mn and 2.1 /Mn , respectively. Previous studies on (001)-oriented films and superlattices have attributed the suppression of and in ultrathin films to factors such as interfacial phenomena including charge transfer 38 and orbital reconstruction 39 , eventually leading to the disappearance of ferromagnetism below a critical thickness of 32 37, 40 . ratio, which is equivalent to higher Sr doping level with decreased . The LSMO sublayer thickness of the 9 9 10, 18 18 5, and 9 18 5 superlattices is below or near this critical thickness, but due to the difference in the strain state and symmetry of the (111)-orientation, the ferromagnetism remains robust. Although the 9 9 10 and 9 18 5 superlattices have the same FM sublayer thickness, their magnetic and transport behaviors differ dramatically. While the two superlattices share the same value, of the 9 9 10 superlattice is 75% higher than that of the 9 18 5 superlattice, and the resistivity is only ~1/4 of that of the 9 18 5 superlattice across the temperature range studied. This result suggests that and resistivity are not determined by the sublayer thickness of the FM layer alone, but are also impacted by factors related to the AF sublayers. With varying AF sublayer thickness, the amount of charge transfer and the structural modification to accommodate the electronic and structural difference between LSMO and LSFO can vary, which results in dissimilar magnetic and transport properties.
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The hysteresis loops shown in Fig. 2(c) were measured at 10 K after cooling with an applied field of 2 T along the in-plane 11 0 direction. (111)-oriented LSMO thin films have low magnetocrystalline anisotropy 16 and a low coercive field of 1 mT, which is also the case for the bilayer with thick LSMO sublayer with a coercive field of 2 mT. In comparison, a coercivity enhancement was found in all three superlattices, which is a signature of exchange coupling, though the lack of horizontal shifts suggests that the form of exchange coupling is not exchange bias. The coercive field of the 9 18 5 superlattice is significantly enhanced to 50 mT compared to ~5 mT for the 18 18 5 and 9 9 10 superlattices. This increase in coercivity as the relative thickness of AF sublayer increases has been observed in metallic FM/AF systems such as Ni 80 Fe 20 /Fe 50 Mn 50 bilayers 41 and CoO/Fe bilayers 9 . With increasing sublayer thickness, such as with the 9 18 5 superlattice, the spin configuration of the AF layer becomes more stable due to a greater effective AF anisotropy 42 , which in turn provides more effective pinning of the FM layer though exchange coupling. These results demonstrate that the magnetic and transport properties of the LSMO/LSFO superlattices have a complex dependence on both the relative and absolute thickness of the FM and AF sublayers due to the competing interfacial effects including charge transfer, orbital reconstruction, and epitaxial strain. 
C. X-ray magnetic circular dichroism spectroscopy
Element-specific soft x-ray magnetic spectroscopy was used to differentiate the electronic structure and magnetic properties of the FM and AF layers as a complement to bulk magnetometry measurements. Mn L 2,3 x-ray absorption (XA) spectra were acquired at 80 K with the circularly polarized x-rays incident at a 30° angle from the sample surface with the in-plane projection of the x-ray beam along the 1 1 2 direction. The x-ray magnetic circular dichroism (XMCD) spectra were calculated as the difference between two XA spectra with a magnetic field of 0.3 T applied along the x-ray beam direction and they provide a measure of the atomic spin and orbital magnetic moments. No Fe XMCD was detected within the resolution limit of the measurement in all superlattices, indicating that no or few uncompensated spins exist in the LSFO layers. It should be noted that the (111)-oriented LSMO/LSFO superlattices are distinct from recent reports of FM/non-magnetic systems where the non-magnet layer acquires a net magnetic moment at the interface with strong (anti)parallel alignment with the FM moment 43, 44 . As will be shown in the following section, this lack of Fe XMCD signal may result due to the deviation of the AF spin axis orientation from the bulk structure such that it cants out of the plane of the film. Mn L 2,3 XA and XMCD spectra of the (111)-oriented LSMO/LSFO superlattices and an LSMO film are shown in Fig. 3 . For superlattices with LSMO sublayer thickness below 9 u.c. (i.e. the 3 3 20 and 6 6 10 superlattices) that display insulating and PM behaviors, a pronounced shoulder peak on the low energy side of the L 3 -peak and a shift of the main L 3 -peak towards higher energy can be observed in the XA spectra. These features have been attributed to a higher Mn 4+ / Mn 3+ ratio 45, 46 and observed in (001) 
D. X-ray magnetic linear dichroism spectroscopy
The magnetic structure of bulk LSFO is G-type AF with the spin axis along the crystallographic a axis 25 . However, in thin film form, the direction of the spin axis has been shown to vary with growth conditions, strain state, and crystallographic orientation of the film 49, 50 . The magnetic structure of the LSFO sublayers in superlattices can further deviate from thin films due to the ultrathin nature, high density of interfaces, and the exchange coupling with FM layers 51 . Previous studies have shown that the LSFO spin axis lies in the plane of the film along the 100 directions in a (001)-oriented 6 6 10 LSMO/LSFO superlattice 26 , while it cants out-of-plane along the 110 directions in a (111)-oriented 9 9 10 LSMO/LSFO superlattice 29 . To study the thickness dependence of the magnetic structure of the AF LSFO layers and the coupling between the AF spins and FM moments, x-ray magnetic linear dichroism (XMLD) spectra were acquired with two measurement geometries.
In geometry 1 (Fig. 4(a) ), Fe XMLD spectra were acquired with the x-rays at 35° grazing incidence with the in-plane projection of the x-ray beam along the 1 1 2 direction and with the magnetic field H=0 after zero-field cooling from room temperature. This measurement geometry minimizes contributions from crystal field effects in the XMLD spectra by choosing two directions from the same family of crystallographic directions. The x-ray polarization E either cants out-of-plane along the 110 direction or lies in-plane along the 11 0 direction. The XMLD spectrum is defined as .
( 1) This measurement probes whether the AF spin axis lies in-plane or cants out-of-plane. The Fe L 2,3 XA and XMLD(1) spectra for the LSMO/LSFO superlattices and an LSFO film are shown in Fig.  4(b-c) . The spectra of the 60 60 1 bilayer and the 9 18 5 superlattice have the same shape with that of the LSFO film, which indicates that the spin axis for the two superlattices with thick LSFO sublayers lies in-plane 29 . This result agrees with studies on epitaxial LaFeO 3 films with thicknesses in the range of 10 to 100 u.c. on (001)-and (110)-oriented STO substrates which show that the AF spin axis lies in the pseudocubic (111) plane 49 . In contrast, the sign of the spectra is reversed for the 3 3 20, 6 6 10, and 9 9 10 superlattices with thin LSFO sublayers, suggesting that the spin axis cants out-of-plane. This canting of the AF axis has been confirmed by soft x-ray photoemission electron microscopy where images taken at the Fe L 2 edge showed that strong AF contrast is present only with out-of-plane x-ray polarization 29 . It is noteworthy that the AF order is still preserved at 80 K in 3 3 20 and 6 6 10 with ultrathin LSFO sublayers, even though the ferromagnetism vanishes for LSMO sublayers of equal thickness. As with the FM properties, the superlattices with intermediate sublayer thicknesses display interesting transition behavior. While the 9 18 5 and 18 18 5 superlattices have equivalent LSFO sublayer thickness, the 18 18 5 superlattice behaves like superlattices with thinner LSFO sublayers where the spin axis cants out-of-plane. This interfacial spin configuration results from the combined effects of factors such as the anisotropy of the FM and AF layers, the strength of exchange coupling at the top and bottom interfaces of the AF layers, and the presence of defects. Previous experimental 52 and theoretical work 53, 54 have shown that an out-of-plane canting of the AF spin axis can minimize the energy difference between parallel and antiparallel configurations between the FM moments and in-plane component of the AF spins. For superlattices with thicker LSMO sublayers, the exchange coupling strength should be considered and the LSFO spin axis is influenced by the LSMO sublayer thickness. Thus, the canting of the spin axis of the 18 18 5 superlattice with thick FM sublayers with robust ferromagnetism is stabilized by exchange coupling, while the 9 18 5 superlattice with thinner FM sublayers with suppressed ferromagnetism is less influenced by exchange coupling and the AF layers behave more like thick LSFO films. In geometry 2, Fe XMLD spectra were acquired with the x-rays at 35° grazing incidence with the in-plane projection of the x-ray beam along the 1 1 2 direction with the fixed x-ray polarization E either canting out-of-plane along the 110 direction (geometry 2a, Fig. 5(a) ) or lying in-plane along the 11 0 direction (geometry 2b, Fig. 5(b) ). A magnetic field of =0.3 T was applied along the 112 or 11 0 direction, defined as and respectively. For the field, a canting angle of 30° relative to the sample surface was used to increase the electron yield signal. The XMLD(2) spectra are defined as:
and , , .
These measurements probe how the out-of-plane (geometry 2a) and in-plane (geometry 2b) components of the AF spins react to the external magnetic field through exchange coupling with the FM moments. The applied magnetic field aligns the Mn moments either parallel with or perpendicular to the in-plane projection of the x-ray polarization E. XA and XMLD spectra for the 9 9 10, 18 18 5, 9 18 5, and 60 60 superlattices measured with the two variants of geometry 2. For the 9 9 10 and 18 18 5 superlattices, significant XMLD signals can be obtained with both out-of-plane and in-plane E orientations, which indicates that the AF spins are spin-flop coupled to the FM moments and can be reoriented by a moderate magnetic field. XMLD(2a) signal is distinctively higher than XMLD(2b) since for the two superlattices, the AF spin axis cants out-of-plane and XMLD(2b) can only probe the response of the in-plane projection. The sign of the XMLD spectra is reversed between the 9 9 10 and 18 18 5 superlattices, which we attribute to the difference in preferred spin axis directions. In contrast, the 9 18 5 superlattice has little XMLD signal, which suggests that the majority of the AF spins are frozen to the preferred crystallographic directions. The FM layers are too thin relative to the AF layers to have strong coupling to reorient all the AF spins. The small XMLD signal may come from the reorientation of the interfacial AF spins through the Fe-O-Mn interaction which only accounts for a small portion of the total AF spins and the majority of the LSFO sublayer retains the same properties of a thick LSFO film. The FM moments in the superlattice are stabilized by the thick AF sublayers which makes the FM sublayers magnetically harder as indicated by the hysteresis loops ( Fig. 2(c) . The correlation length of the spins should be a function of both FM and AF sublayer thicknesses, because the anisotropy is dependent on the thickness and it influences the exchange coupling strength. For the 60 60 1 bilayer, both XMLD(2a) and XMLD(2b) signals are negligible, suggesting that the AF spins cannot be reoriented by a moderate magnetic field which is usually the case for AF materials. This also rules out the possibility that the XMLD(2) signal comes from other instrumental effects rather than the reorientation of Fe moments. To further confirm the cooperative reorientation of the FM moments and AF spins, Mn L 3 XMCD and Fe L 2 XMLD hysteresis loops were measured for the , , , and superlattices, and are plotted in Fig.5 (a-d) . For the Mn XMCD hysteresis loops, the measurement geometry is the same with the XMCD measurement described above. The asymmetry values were determined as the difference between the absorption values of right and left circularly polarized x-rays at the photon energy corresponding to the maximum in XMCD, and then normalized to the sum. For the Fe XMLD loops, the measurement geometry is the same with XMLD geometry 1 with the varying magnetic field applied along the x-ray beam. The asymmetry values were determined as the difference between the absorption values of out-of-plane and in-plane E vector at the photon energy corresponding to the Fe L 2b peak. Since the top LSFO layer of the bilayer is too thick to measure a Mn XMCD hysteresis loop, the hysteresis loop obtained by SQUID magnetometry is plotted in Fig. 5(d) for comparison. The peaks of the Fe XMLD loops of the and superlattices match well with the coercive field of the Mn XMCD loops, indicating that AF spins rotate during the reversal of the Mn moments. For the and superlattices, the absence of the Fe XMLD loop suggests that the AF spins are frozen during the magnetization reversal of LSMO layers. 
IV. Conclusions
In summary, the thickness dependence of the magnetic interactions in (111)-oriented LSMO/LSFO superlattices has been studied. It was found that the transport properties, magnetic structure, and nature of the exchange coupling were influenced not only by the absolute thickness of the LSMO and LSFO sublayers, but also the relative thickness of the FM and AF layers. The findings are summarized in the phase diagram shown in Fig. 7 . In the limit of thick LSFO sublayers, the AF behavior matches that of bulk LSFO with the AF spin axis fixed in the pseudocubic (111) plane. Below a critical thickness, (~ 20 u.c.), the sublayers become too thin to be safely assumed to be bulk-like. In this case, when the LSMO and LSFO sublayer thicknesses are comparable, robust ferromagnetism is present, the spin axis of LSFO cants out-of-plane of the film, and it can be reoriented by a moderate external magnetic field through spin-flop coupling with the magnetically soft LSMO sublayers. However, if the LSFO sublayer thickness exceeds that of the LSMO sublayers, the LSMO sublayers become pinned by the LSFO sublayers, increasing the coercivity, while the AF spin axis lies in-plane and cannot be reoriented by a moderate external magnetic field like a thick LSFO single layer. For the superlattices with ultrathin LSMO and LSFO sublayers (3 -6 u.c.), the ferromagnetism vanishes due to charge transfer across the interface, and the AF spin axis cants out-of-plane. 
